Correspondence
In Brief Yamada et al. develop photoactivatable (PA)-Tet-OFF/ON systems for precise temporal and spatial control of cellular gene expression. The PA-Tet-OFF/ON can be applied to various cell types in vitro and in vivo, and their transcriptional activities are tightly regulated by blue light illumination and the small molecule Dox.
INTRODUCTION
Optogenetics, a method by which genetically encoded lightsensitive proteins are used to regulate the behavior of living cells and organisms, has emerged during the past decade (Kim et al., 2017; Repina et al., 2017; Rost et al., 2017) . Optogenetics has been mainly applied in neuroscience, in which light-mediated activation of microbial opsins depolarizes or polarizes neuronal membranes, subsequently inducing temporally precise activation or inhibition of targeted neuronal cells. Most of these optogenetic tools are based on light-sensitive ion channels or transporters (Deisseroth, 2015; Rajasethupathy et al., 2016; Song and Knö pfel, 2016) . By applying other types of photoactivatable (PA) molecules, such as light-switchable enzymes or protein interaction modules, the application of optogenetic tools has expanded to studies of the regulation of various cellular functions, including cell signaling, subcellular localization, and gene expression Giordano et al., 2013; Kennedy et al., 2010; Konermann et al., 2013; Maiuri et al., 2015; Repina et al., 2017) .
Optogenetic tools that can control cellular gene expression have been developed, which have the potential to overcome the technical limitations of conventional chemically regulated gene expression systems (Crefcoeur et al., 2013; Hallett et al., 2016; Hö rner et al., 2017; Imayoshi et al., 2013; Konermann et al., 2013; Liu et al., 2012a; Motta-Mena et al., 2014; M€ uller et al., 2013b; Pathak et al., 2017; Polstein and Gersbach, 2012; Shimizu-Sato et al., 2002; Wang et al., 2012; Yazawa et al., 2009) . Rapid and dynamic changes of gene expression patterns (e.g., oscillatory changes or stepwise increases) are difficult to address using classical gene expression regulation methods, such as chemically regulated systems, due to their poor temporal and highly invasive characteristics.
The Tet-OFF/ON system is the most commonly used chemically regulated system in mammalian cells Gossen and Bujard, 1992) . In this system, treatment with a small molecule (i.e., tetracycline [Tet] or doxycycline [Dox] , a more stable Tet analog) regulates exogenous gene expression in genetically targeted cell populations. The Tet-OFF system activates downstream gene expression in the absence of Dox, whereas the Tet-ON system activates it in the presence of Dox. The original Tet system has been improved significantly for use in eukaryotic cells, including mammalian cells.
The latest version of the Tet-OFF/ON system tightly controls gene expression, with low background and high maximum gene expression levels. However, the system has several drawbacks, such as limited reversibility and poor spatial control due to diffusion of the regulator molecule Dox in the culture medium or the body of model organisms. For instance, because Dox can bind to cells or the extracellular matrix, highly invasive procedures, such as multiple washes or replating of cells, are required to completely remove the Dox compound . This inherent limitation excludes experiments requiring rapid activation or deactivation of the gene of interest, such as dynamic gene expression changes in stem or progenitor cells during differentiation, or circadian or ultradian rhythm studies of clock genes. Spatial control of the Tet system is challenging, and manipulation of targeted cells or cell populations is difficult; even activated caged Dox may diffuse from the irradiated regions (Cambridge et al., 2009) . Therefore, there is an increasing demand for the development of a light-inducible Tet-OFF/ON system for the precise temporal and spatial control of cellular gene expression.
We designed a blue light-inducible Tet gene expression system based on the concept of split transcription factors, in which light-dependent interactions between PA-protein interaction modules can reconstitute a split DNA-binding domain and transcription activation domain. We exploited the Arabidopsis thaliana-derived blue light-responsive heterodimer formation module consisting of the cryptochrome 2 (Cry2) photoreceptor and its specific binding protein cryptochrome-interacting basic helix-loop-helix 1 (CIB1) (Wu and Yang, 2010; Yu et al., 2010) . Arabidopsis Cry2 is a photolyase-like photoreceptor that regulates the development and growth of plants via circadian clock regulation. Cry2 has two domains: an N-terminal photolyase homology region (PHR) and a cryptochrome C-terminal extension (CCE or CCT) . PHR is the chromophore-binding domain that binds noncovalently to the chromophore flavin adenine dinucleotide (FAD). Cry2 can bind to the basic helix-loop-helix (bHLH) transcription factor CIB1 in a blue light-specific manner. It was shown that truncated versions of Cry2 and CIB1 essential domains act as blue light-dependent heterodimer formation modules, and several point mutations of Cry2 induce faster or slower photocycles Liu et al., 2012a; Taslimi et al., 2016) .
The optimized PA-Tet-OFF/ON system has a large dynamic range of downstream gene expression, rapid activation, and deactivation kinetics. The PA-Tet-OFF/ON system can be tightly regulated by Dox treatment like the original Tet system; this allows for precise dual light and drug control of the amount, timing, and pattern of downstream gene expression. Finally, we demonstrate the light control of gene expression in vivo, such as in the developing and adult mouse brain and the subcutaneous tissue.
RESULTS

Functional Screening of Optimized PA-Tet-OFF Transcription Factors
We aimed to optimize the PA-Tet gene expression system in mammalian cells. Most light-inducible gene expression systems were established in yeast cells. Some light-inducible gene expression systems optimized in yeast cells do not work efficiently in mammalian cells (Pathak et al., 2017; unpublished data) . Therefore, we conducted functional screenings of candi-date constructs in the immortalized human embryonic kidney cell line HEK293T (Figures 1, S1, and S2; Tables S1, S2, S3 , S4, and S5). We used the DNA binding, dimerization, and Tetbinding domains of Tet repressor (TetR) (residues 1-206) as the split DNA-binding domain, and the transcription activation domain of p65 (p65 AD). In mammalian cells, p65 AD induces greater gene expression compared with other transcription activating domains, such as virus protein 16 (VP16) (Wang et al., 2012) . In addition to the Cry2-CIB1 system, we also performed functional screenings of PA-Tet-OFF constructs using other optical dimer formation systems, such as tunable light-controlled interacting protein tags (TULIPs) (Strickland et al., 2012) , original light-inducible dimer/improved light-inducible dimer (oLID/iLID) (Guntas et al., 2015; Hallett et al., 2016) , Vivid (VVD), and Magnet Wang et al., 2012) . However, not all constructs showed efficient light-dependent transcriptional activity (data not shown). Therefore, we focused on PA-Tet constructs consisting of the Cry2-CIB1 system ( Figures 1A and S1 ).
Co-expressed full-length versions of Arabidopsis Cry2 and CIB1 act as transcriptional regulators in other model organisms, and the truncated version of Cry2/CIB1 is sufficient to mediate blue light-dependent interactions with diminished activity of the original transcriptional regulation (Hughes et al., 2012; Kennedy et al., 2010; Liu et al., 2012a; Taslimi et al., 2016) . Detailed characterization of truncated or mutated Cry2/CIB1 was performed by the Tucker lab and others, and binding affinity, kinetics, and background activity were found to differ among Cry2/CIB1 variants and their applied pairs. In addition, the configuration of Cry2/CIB1 (i.e., N-or C-terminal fusion) in the fused constructs affects the activity of the reconstituted constructs. Therefore, we rigorously investigated the following parameters: (1) Cry2/CIB1 truncation and point mutations, (2) Cry2/CIB1 configuration, (3) Cry2/CIB1 codon usage, (4) TetR point mutations, (5) linker sequences between TetR and Cry2/CIB1, and (6) expression vector structures necessary for efficient expression in target cells.
In the first set of screened constructs, we fused TetR (residues 1-206) to the N terminus of Cry2 or its derivatives. However, we did not observe apparent light-induced gene expression in either case when CIB1 and its derivatives were fused to the N terminus or C terminus of p65 AD (Figures S1A-S1D; Tables S1 and S2). This may be due to the nuclear clearing phenotype of Cry2-tethered proteins (Pathak et al., 2017) . When Cry2 is fused to certain nuclear-localized proteins having internal dimerization domains, the fused proteins are redistributed outside the nuclei in a lightdependent manner. Some Cry2-fused transcription factors undergo substantial nuclear protein clearing upon illumination, resulting in light-dependent loss of protein function (Pathak et al., 2017) . It was reported that the nuclear clearing phenotype was dependent on the presence of a dimerization domain contained within Cry2-fused proteins, and TetR has an inherent dimerization domain. Therefore, we next tried to validate the constructs in which TetR was fused to the N terminus of CIB1 or its derivatives. Some construct pairs showed light-dependent transcriptional activity, but the induced and background gene levels varied among them (Figures S1A, S1B, S1E, and S1F; Tables S3 and S4) .
We selected the T86 construct pair for subsequent validations and designated it PA-Tet-OFF because of its low levels of background activity under dark conditions and consistent lightinduced gene expression ( Figure 1 ). Although other construct pairs, such as T53, T57, or T63, also yielded significantly increased downstream gene expression on prolonged illumination, which was applied in construct functional screening, these construct pairs showed very low levels of downstream gene expression under a limited number of blue light pulses (data not shown). In contrast, the T86 PA-Tet-OFF construct showed a rapid and large increase of downstream gene expression, even after a single blue light pulse ( Figures 1G and 1H ). The TetR-CIB81 fused constructs (T65-T70) showed high levels of downstream gene expression; however, their transcriptional activity was significantly leaky (Table S3 ).
In the construct screening experiments, photomodule-fused TetR and p65 AD were expressed separately from the two independent plasmid vectors. When the PA-Tet-OFF construct was expressed by a single plasmid vector, in which the photomodule-fused TetR and p65 AD were co-expressed together with a T2A self-cleaving peptide (Kim et al., 2011) , the light-induced expression levels were preserved or increased ( Figures 1C, 1E , and 1F). This may be due to the improved simultaneous expression of the photomodule-fused TetR and p65 AD in each transfected cell.
We used TetR with an I194T mutation and an SPKKK linker sequence in the PA-Tet-OFF constructs. This SPKKK linker sequence, which is a part of the nuclear localization signal (NLS) of SV40 T antigen, was originally used in the TetR-Kr€ uppel associated box (KRAB) construct (Szulc et al., 2006) . During the initial phase of construct screening, we noticed that application of the TetR I194T mutation and SPKKK linker sequence resulted in superior performance compared with TetR wild-type or other amino acid substitution constructs with typical flexible linker sequences ( Figure S2 ). Neither transcriptional activity nor Dox regulation was affected by introducing the I194T mutation into the original Tet transcription factors (i.e., Tet-OFF Advanced or Tet-ON 3G Systems; data not shown), indicating that the TetR I194T mutation was effective only in our PA-Tet system. The reporter construct consisting of TRE3G, Ub-NLS-luc2, and Hes1 3 0 UTR sequences was transiently transfected to HEK293T cells (G) Dox (1,000 ng/mL) was supplied in the cell culture medium (I). A single blue light pulse was applied, and the half-lives of the switch-on/-off kinetics were estimated. The timing of blue light exposure is indicated by the vertical blue lines. Experiments were repeated at least three times, with similar results.
Generation of PA-Tet-ON Transcription Factors
The Tet-OFF system activates downstream gene expression in the absence of Dox, whereas the Tet-ON system activates it in the presence of Dox. Historically, random mutational studies and phenotypic screenings in Escherichia coli, Saccharomyces cerevisiae, and virus evolution in human cells revealed that some amino acid substitutions of TetR led to reverse TetR function: binding to the tetracycline response element (TRE or TetO) sequence in the presence but not the absence of Dox. We applied these reverse phenotype mutations, rtTA (E71K, D95N, L101S, G102D), S2 (E19G, A56P, D148E, H179R), M2 (S12G, E19G, A56P, D148E, H179R), V10 (E19G, A56P, F67S, F86Y, D148E, R171K, H179R), or V16 (V9I, E19G, A56P, F67S, F86Y, D148E, R171K, H179R) to the PA-Tet-OFF, and validated their Dox-dependent transcriptional activity (Figures 1A and 1E) . We also generated PA-Tet constructs with the Dox-insensitive H100Y mutation (Hecht et al., 1993) .
As expected, the blue light-dependent transcriptional activity of PA-Tet-OFF was abolished in the presence of Dox; conversely, PA-Tet (H100Y) was not affected by Dox treatment ( Figure 1E ; Table S5 ). Each PA-Tet-ON construct with differing sets of point mutations had different induced-gene expression levels and background activity in the presence of Dox. Among them, we selected a PA-Tet-ON construct with the V10-mutation due to these high light-induced gene expression levels and low background activity in the dark.
Taken together, the data show blue light-inducible transcription of selected PA-Tet-OFF/ON constructs can be controlled by Dox ( Figure 1E ). In the candidate construct screenings of the PA-Tet-OFF/ON system, the cells were exposed to pulsed blue light (e.g., 2-s pulse every 1 min) for only 3 hr before cell lysis. When cells were exposed to similar blue light pulses (1-s pulse every 30 s) for longer time periods (e.g., 36 hr), the induced luciferase reporter activity for PA-Tet-OFF/ON was dramatically increased and essentially similar to the chemically regulated Tet-OFF/ON systems (Figure 1F;  Table S6 ).
Cry2 is rapidly activated by light illumination and then spontaneously dissociates from CIB1, with a half-life of $5.5 min Taslimi et al., 2016) . The fast activation and deactivation kinetics of the Cry2-CIB1 system may allow for dynamic changes to the downstream gene expression in the PA-Tet-OFF/ON system. To address this point, we used the destabilized luciferase reporter Ub-NLS-luc2 ( Figure 1G ) and placed the Hes1 3 0 untranslated region (UTR) sequence just downstream of Ub-luc, which is known to induce a shorter mRNA half-life, to prevent accumulation of the reporter activities in cells (Luker et al., 2003; Voon et al., 2005; Masamizu et al., 2006) . When cells transfected with the PA-Tet-OFF/ON and TRE3G-Ub-NLS-luc2 reporter constructs were exposed to a 1-min short pulse of blue light, transient expression of the luciferase reporter was observed, indicating the temporally dynamic control of downstream gene expression in the PA-Tet system ( Figures 1H and 1I ).
Detailed Characterization of PA-Tet-OFF/ON
To reduce experimental variability caused by different cellular transfection efficiencies, we used lentivirus vectors to stably ex-press PA-Tet-OFF/ON in mouse mammary gland epithelial Eph4 cells, and generated single-cell-derived clones (Figures 2A-2C ). Consistent with the PA-Tet-OFF/ON transient transfection data, luciferase reporter activity was greatly enhanced in the stable PA-Tet-OFF/ON cells illuminated with blue light relative to cells left in the dark. The light-inducible ability of stable clones was preserved over a long period of time (i.e., at least several months under standard cell culture conditions). These results indicate that the PA-Tet-OFF/ON system can generate reliable lightinduced gene expression in both transiently and stably incorporated cells.
One major advantage of a light-inducible gene expression system is the ease of tuning gene expression levels by adjusting illumination protocols. We investigated the effects of modifying light intensity on induced-gene expression levels in the PA-Tet-OFF/ON system. For example, we observed an expected light intensity-dependent increase in reporter activity in PA-Tet-OFF transduced Eph4 cells ( Figure 2D ). PA-Tet transcriptional activity was activated in cells even under weak blue light exposure (1.7 W/m 2 ), indicating the high sensitivity of this system.
Compared with other light-controlled gene expression systems, one unique feature of the PA-Tet-OFF/ON system is its susceptibility to drug control. We investigated the effects of Dox concentration on light-induced gene expression levels (Figures 2E and 2F) . As expected, Dox attenuated light-induced gene expression in a concentration-dependent manner in the PA-Tet-OFF system ( Figure 2E ). Conversely, light-induced gene expression was increased in correlation with the Dox concentration in the Tet-ON system between 0 and 250 ng/mL ( Figure 2F ). At Dox concentrations >250 ng/mL, the induced luciferase activity was slightly decreased; however, the Dox concentration for maximum gene expression depends on the cell type and gene delivery method. In the case of Eph4 cells transduced with the PA-Tet-ON system by lentivirus vectors, higher luciferase activity was observed at 500 ng/mL than at 250 ng/mL of Dox ( Figures 2G-2I ). Notably, drug treatment effects were observed in both systems at very low Dox concentrations: 1 ng/mL in the PA-Tet-OFF system and 10 ng/mL in the PA-Tet-ON system (Figures 2E and 2F ). Furthermore, downstream gene expression was precisely controlled by changing the light intensity and drug concentration. Because PA-Tet-ON activity did not change in direct proportion to light intensity or Dox concentration, it was difficult to precisely control the PA-Tet activity at the intermediate level by modifying a single parameter. However, by creating a matrix of light intensity and Dox concentration, we could induce the desired reporter gene expression levels ( Figures 2G-2I ). For instance, variable reporter genes levels were induced (range, 0-to 50-fold) when the light energy delivered varied from 0 to 7.1 W/m 2 and the Dox concentration varied from 0 to 500 ng/mL in the PA-Tet-ON-Eph4 cells. This dual-control feature of the PA-Tet-OFF/ON system will contribute to systems biology experiments, in which gene expression levels must be tightly controlled.
The ability to control the PA-gene expression system via drug treatment is important for ordinary cell culture maintenance and light irradiation-priming experiments. Most PA-gene expression systems are activated with low amounts of light; therefore, short exposure to room lighting is sufficient to activate transcriptional activity Pathak et al., 2014; Wang et al., 2012) . Therefore, cells with the blue light-inducible gene expression system must be consistently maintained under absolute darkness or specialized red or far-red light equipment. In addition, cells must be primed under dark conditions before the start of the light irradiation experiments, which can take several hours or days. In contrast, the light-dependent activity of the PA-Tet-OFF/ON system can be conditionally induced by drug exposure or washout. For instance, in the PA-Tet-ON system, lightdependent gene expression did not persist in the absence of Dox; conversely, light-dependent gene expression was induced during the course of the 1-week experiment by intro- (E-H) Periodic activation of the PA-Tet-OFF-system induced oscillatory expression of the downstream reporter gene. Reporter constructs consisted of TRE3G, Ub-NLS-luc2, and Hes1 3 0 UTR sequences. PA-Tet-OFF-transduced Eph4 cells were repeatedly exposed to blue light pulses with 3-(E), 6-(F), 12-(G), or 24-hr (H) intervals. Experiments were repeated at least three times, with similar results. *p < 0.05; two-tailed Student's t test.
ducing Dox just before illumination . Therefore, drug control of the PA-Tet system can eliminate undesired gene induction, particularly in longterm experiments.
Temporal Features of the PA-Tet-OFF/ON System Because of the rapid activation and deactivation kinetics of the Cry2-CIB1 switch, the PA-Tet-OFF/ON system can be applied for dynamic control of downstream gene expression. We validated the temporal characteristics of PA-Tet constructs by applying short pulses of light (1 or 2 min) and monitored the luciferase expression level, which was under the control of TRE sequences, in real time. When we analyzed stable cell clones transduced with PA-Tet-OFF/ON and TRE3G-Ub-NLS-luc2 reporter, peak blue light pulse-induced luciferase activity was observed $1.1 hr later and returned to background levels $3.0 hr later ( Figures 3A, 3C , and 3D). When we periodically applied blue light pulses with different periods, robust oscillatory expression was induced at 3, 6, 12, and 24 hr ( Figures 3E-3H ). Accumulated Ub-NLS-luc2 reporter expression was not observed, even in the rapid periodic activation experiment (e.g., 3-hr period). The destabilized luciferase reporter with the short half-life-3 0 UTR sequence was essential for rapid ultradian rhythm generation. Conversely, normal, stable luciferase reporters may be suitable for periodic gene expression experiments during a longer period, mimicking the expression of typical clock genes during the circadian period. The activation and deactivation kinetics of light-induced gene expression in the PA-Tet system were extended when a reporter construct with normal, stable luciferase was used (Figures 3B-3D).
One major advantage of the PA gene expression system is the possibility of systematic design of downstream gene expression dynamics at fine temporal resolution. If we applied different luciferase reporter constructs with longer reporter protein and mRNA degradation half-lives, such as Ub-Eluc with SV40 pA sequences, then different reporter expression dynamics were induced by the same light illumination protocols ( Figure S3 ). For example, a continuous increase in luciferase activity was observed under blue light irradiation with a 3-hr period ( Figures  S3B-S3D ). Conversely, a stepwise increase in luciferase activity was observed with 6-or 12-hr periodic illumination ( Figure S3E -S3J). Thus, by changing the reporter protein and mRNA halflives, as well as the light exposure pattern, various gene expression patterns (e.g., oscillatory change, continuous increase, stepwise increase) can be designed using the PA-Tet system.
In the PA-Tet-OFF/ON/H100Y constructs, a Cry2 PHR module with the L348F slow photocycle mutation ($24-min half-life) was integrated , but we observed no apparent differences in the switch on/off kinetics relative to other candidate constructs having the wild-type Cry2 PHR, such as the T63 construct. We also tested the Cry2 W349R fast photocycle mutation, but introduction of this mutation abolished the lightinduced activity of both PA-Tet-OFF/ON/H100Y constructs (data not shown).
Targeted Activation of the PA-Tet System in Spatially Restricted Cells Another major advantage of a light-controlled system is the ability to spatially restrict gene expression in targeted cells. To characterize such spatially restricted gene expression in targeted cells, we equipped a bioluminescence imaging microscope with a digital mirror device (DMD) to generate spatial patterns of light. After exposure to a blue light pulse, bioluminescence imaging revealed that luciferase expression in PA-Tet-OFF-transduced Eph4 cells with the TRE3G-Ub-NLS-luc2 reporter occurred in the shape determined by the DMD device (Figure 4) . For instance, different round-shaped cell populations were sequentially activated at different times ( Figures 4A-4C ; Video S1). Furthermore, successful targeted activation of single cells was observed ( Figures 4D and 4E) . When 10 targeted cells were illuminated simultaneously, specific light-induced reporter expression was observed in the targeted cells, but not in the surrounding unilluminated cells. Our drug-controllable PA-Tet-OFF/ON system provides an experimental platform to systematically manipulate gene expression over a large dynamic range with fine temporal resolution at the single-cell level.
Validation of the PA-Tet System in Primary Cultured Tissues and Cells
We examined the capability of the PA-Tet system to induce lighttriggered gene expression in the primary cultured cells and tissues. We tested PA-Tet activity in neural stem or progenitor cells of the developing mouse brain (Figures 5A-5D ). We introduced the PA-Tet-OFF expression plasmid with the TRE3G-Ub-NLS-luc2 reporter into neural stem or progenitor cells via ex utero electroporation. When acute tissue slices derived from the electroporated brain were periodically illuminated, wave-like reporter expression was observed in the ventricular/subventricular zone (VZ/SVZ), where the neural stem or progenitor cells divide and produce neurons (Imayoshi and Kageyama, 2014a, 2014b) .
We then introduced the PA-Tet system into differentiated neurons with adeno-associated virus (AAV) vectors. Due to the size limitation of the AAV vector, we generated two AAV vectors; one expressing the TetR (1-206)-CIBN (without NLS) fusion construct and mCherryNLS, and the other the NLS-attached Cry2 PHR (L348F)-p65 AD fusion construct ( Figure 5E ). We co-transduced the PA-Tet-OFF/ON AAV vectors into cultured primary neurons derived from the hippocampus of mouse pups ( Figures 5F and 5G ). We observed efficient expression of the transduction marker, mCherryNLS, in MAP2 + (microtubuleassociated protein 2 + ) neurons. We also introduced the TRE3G-Ub-NLS-luc2 reporter lentivirus into AAV-transduced neurons. When these neurons were periodically irradiated with blue light in a 3-hr period, robust oscillatory expression of the destabilized luciferase was observed ( Figures 5H-5J) . These results document that the PA-Tet system can be introduced into cells by various methods, including electroporation and use of AAV vectors. We also demonstrated efficient lighttriggered gene expression in primary cultured cells, such as neural stem or progenitor cells of acutely prepared embryonic brain slices and dissociated neurons from the developing hippocampus.
In Vivo Application of the PA-Tet System We also validated light-and Dox-mediated gene expression control in the intact living mouse. First, we transduced PA-Tet-OFF AAV vectors ( Figure 5E ) into hippocampal neurons of adult TRE-GFP transgenic mice ( Figures 6A and 6B ). As reported previously, leaky expression of GFP in this transgenic mouse strain was very limited ( Figure 6C ) (Sano and Yokoi, 2007) . For the hippocampus-light illumination, awake and freely moving mice were stimulated using a blue light-emitting diode (LED) connected to the optical implant via fiber patch cables and a rotary joint at an intensity of 85.6 W/m 2 , duty cycle of 1.6% (1-s pulses at 0.016 Hz) for 12 hr ( Figure 6B ). We found that 42.8% ± 2.3% of the CA1 neurons and 36.7% ± 6.0% of the granule cells of the dentate gyrus (DG) were GFP + . In contrast, when not illuminated, only 4.7% ± 1.4% of the CA1 neurons and 4.4% ± 1.6% of the DG neurons expressed GFP ( Figures 6C and 6D) , indicating successful blue light-dependent gene expression control by the PA-Tet-OFF system in the adult brain.
Second, we analyzed Dox-dependent suppression of the transcriptional activity by the PA-Tet-OFF system in neurons of the brain. In this experiment, the TRE3G-luc2 reporter AAV vector was used for the quantitative analysis of light-gated gene expression ( Figure 6E ). Mice were mounted and fixed on the custom-made stage, and transduction marker mCherry-expressing regions of the brain were exposed to blue light via optical fibers at an intensity of 40 W/m 2 , duty cycle of 7.1% (1-s pulses at 0.071 Hz) for 3 hr (Figures 6F and 6G) . As expected, when Dox was administered at a dose of 0.1 mg/g body weight 1 hr before illumination, light-induced luciferase activity was reduced to the background level seen in the dark ( Figure 6H ). We also observed the opposite effects of Dox in PA-Tet-ON AAV-injected brains. Blue light-dependent transcription was only observed in the presence of Dox ( Figure 6I ). In these experiments, light-induced gene expression levels were lower compared with the in vitro experiments using the HEK293T and Eph4 cell lines and primary cultured neurons. This is probably because the illuminated blue light with the optical fibers was exposed to the limited population of transduced neurons in the brain. Although the PA-Tet and reporter AAVs were broadly transduced to the neurons of the brain, the neurons near the tip of the optical fiber were exposed to the strong blue light. For inducing gene expressions in broadly scattered neurons in the brain, other types of light source, such as sheet-type LEDs, could be more efficient.
We next analyzed the recovery of light-inducible transcription activity of the PA-Tet-OFF after Dox removal ( Figure 6J ). Suppression of light-induced luciferase expression was maintained for 4 days after Dox removal. However, it increased to the original level seen without Dox treatment on washout day 5 ( Figure 6K) . These data indicate that the effects of Dox lasted for approximately 4 days in the mouse pup brains. This documents the suitability of conditional light-gated activation of the PA-Tet-OFF (A-C) Targeted cell populations were illuminated by patterned light generated by a digital mirror device (DMD). The patterned light, indicated by blue circles, was applied at different time points to Eph4 cells in which the PA-Tet-OFF system was stably transduced with lentivirus vectors. The timing is indicated in hr and min (A). Light-induced reporter expression was analyzed in three regions of interest (ROIs) (B) and quantified (C). The timing of blue light illumination is indicated by vertical blue lines. (D and E) The patterned light was applied to 10 targeted cells (cells 1-10) simultaneously, and their light-induced reporter expression was monitored (D). (E) The light-induced luciferase activity was upregulated only in illuminated cells (green) but not in adjacent unilluminated cells (magenta) (E). The reporter activity of the illuminated cells was quantified, except for cell 9 because it divided during the time-lapse imaging experiment. The surrounding unilluminated cells were randomly selected and quantified. The data represent means ± SDs (n = 9) from one experiment. Experiments were repeated at least three times, with similar results. Scale bars, 12.5 mm for (A), (B), and (D). system for use during a narrow time window, depending on systemic Dox treatment to prevent undesired activation outside the experimental schedule.
Finally, we assessed light-inducible gene expression of the PA-Tet-OFF system in subcutaneous tissue to demonstrate the broad utility of this tool also outside the brain. The PA-Tet-OFF-transduced Eph4 cells with lentivirus vectors (Figures  2A-2C) were engrafted into the subcutaneous tissue of adult mouse back skin ( Figures S4A and S4B) . The engrafted regions of anesthetized mice were then illuminated with blue light (200 W/m 2 , 1 min). Dynamic changes in luciferase signals were imaged by a charge-coupled device (CCD) camera. The luciferase reporter activity was observed only in the blue light-exposed mice without Dox but not in the non-irradiated mice (Figures S4B-S4D) . These results indicated that efficient and reliable optogenetic regulation of exogenous gene expression can be achieved in vivo (e.g., developing brain, adult brain, and subcutaneous tissue in mice) using the PA-Tet system.
Figure 5. Optogenetic Manipulation of Gene Expression in the Primary Cultured Tissues and Cells
(A-D) The PA-Tet-OFF system was introduced into neural stem or progenitor cells of the developing brain by ex utero electroporation. The electroporated brain was immediately extracted from the embryo and sliced on tissue culture membrane (A). (B-D) Blue light was periodically applied to the slice during a 6-hr period, and reporter activity was monitored (B and C). Blue light-induced luciferase expression was observed in the neural stem or progenitor cells of the ventricular and subventricular zone (VZ/SVZ) (C and D). (E-G) Cultured neurons derived from the mouse hippocampus were transduced with AAV vectors expressing the PA-Tet system (E) and the TRE3G-Ub-NLS-luc2-Hes1 3 0 UTR reporter lentivirus vector. Most of the MAP2 + (microtubule-associated protein 2 + ) neurons expressed the AAV transduction marker mCherryNLS (F). The experimental schedule is illustrated in (G). (H-J) Periodic activation of transcription in the transduced neurons, in which the PA-Tet-OFF (H and I) or PA-Tet-ON (J) system was induced. The cultured neurons were repeatedly exposed to blue light pulses with 3-hr intervals. The timing of blue light exposure is indicated by vertical blue lines. Dox (500 ng/mL) was added to activate the PA-Tet-ON constructs. The reporter activity of the 25 (I) and 13 (J) illuminated cells was quantified. The data represent means ± SDs. Experiments were repeated twice, with similar results. Scale bars, 25 mm for (C) and (H) and 100 mm for (F). MZ, marginal zone; CP, cortical plate.
DISCUSSION
Here, we describe an inducible gene expression system that can be dually controlled by exposure to blue light and by specific drug application in various mammalian cells. We developed the PA-Tet-OFF/ON system for precise temporal control of cellular gene expression at single-cell resolution. Previously, we adopted the PA-Gal4/UAS (upstream activation sequence) system, in which the PA transcription factor was GAVPO, to analyze the functional importance of gene expression changes of the bHLH transcription factor Ascl1 in the regulation of neural stem cells Imayoshi and Kageyama, 2014a, 2014b) . Because VVD, the smallest light-oxygen-voltage domain-containing protein, is used as a photocontrolled dimer-formation module and GAVPO is very small (56 kDa), it can be expressed in multiple cell types via various gene delivery methods, including lipofection and electroporation of expression plasmids, and viral vectors, such as lentivirus vectors Isomura et al., 2017; Wang et al., 2012) . GAVPO is extremely sensitive to light, and brief pulses of weak blue light are sufficient to induce high expression levels of the downstream genes. Consequently, GAVPO has some technical limitations, such as undesired downstream gene expression. When GAVPO is expressed in cells at a high level, significant leaky transcriptional activity is observed, even in the dark (Ma et al., 2013; Wang et al., 2012; unpublished data) . Furthermore, GAVPO and most of the other PA-gene expression systems are activated by low levels of light, and short exposure to room light is sufficient to activate transcriptional activity. Therefore, it cannot be used under normal room lighting conditions without being activated. More important, application of the Gal4/UAS system is not commonly used in the study of mammalian cells or organisms, likely due to the toxicity of the Gal4 transcription activator and the ease of chromatin silencing in the UAS sequence in mammalian cells, especially in transgenic animals (Habets et al., 2003) . Therefore, development of an efficient and reliable PA gene expression sys-tem that can be widely used in mammalian cells and model animals (e.g., the PA-Tet-OFF/ON system) is desirable.
There are no reports to date of an efficient blue light-inducible PA-Tet-OFF/ON system. To meet this need, a red/far-red lightcontrolled Tet system using the Arabidopsis-derived phytochrome interaction factor 6 (PIF6)-phytochrome B (PhyB) optical dimer system was developed (M€ uller et al., 2013a) . For this system to work, phyB must bind with a chromophore, phytochromobilin, or phycocyanobilin (PCB); however, these molecules are not endogenous in yeast or mammalian cells (Pathak et al., 2014; Uda et al., 2017) . Therefore, mammalian cells must be supplied with PCB for this system to act as an efficient red/far-red light-controlled gene switch. This requirement is problematic (C and D) GFP reporter expression was increased in the neurons of the hippocampal CA1 and dentate gyrus (DG) regions in a blue light-dependent manner (D), but not in a dark manner (C). Experiments were repeated at least three times, with similar results. (E-K) Light-and Dox-dependent gene expression in the brain of mouse pups. TRE3G-luc2-Hes1 3 0 UTR AAV vector was used as the transcription reporter (E). At 12-15 days after AAV injections, blue light illumination was started, and its effects were assessed. Dox was given 1 hr before exposure to light (F). for light-inducible gene expression in vivo. Recently, a nearinfrared light-activatable Tet-gene expression system was developed (Kaberniuk et al., 2016) . In this system, a bacterial phytochrome-based BphP1-PpsR2 optical dimer module was adapted. A large dynamic range of downstream gene expression was induced in a near-infrared-dependent manner both in cultured mammalian cells and deep tissues of mice in vivo. BphP1 uses biliverdin, which is endogenously present in mammalian cells, as its chromophore. Thus, there is no need to supply any exogenous chromophore to the cell culture medium or to animals in vivo in the BphP1-PpsR2-based gene expression system. However, these systems have longer deactivation times. Single-pulse light illumination can sustain sufficient transgene expression for $20 hr, potentially inhibiting application of these systems to the precise functional analysis of rapid and dynamic gene expression changes.
Other than these optogenetic gene expression-regulation tools, many light-inducible gene expression systems have been developed by adapting different PA molecules (Crefcoeur et al., 2013; Hallett et al., 2016; Hö rner et al., 2017; Konermann et al., 2013; Liu et al., 2012a; Motta-Mena et al., 2014; M€ uller et al., 2013b; Pathak et al., 2017; Polstein and Gersbach, 2012; Shimizu-Sato et al., 2002; Yazawa et al., 2009; Hisatomi and Furuya, 2015; Nguyen et al., 2018; Wang et al., 2017) . These include light-mediated control of exogenous (e.g., Gal4/UAS, LexA,Tet, EL222, Cre-mediated switch) and endogenous (e.g., nuclease-dead Cas9 [dCas9], TAL effector [TALE], zinc-finger transcription factor) gene expression. Some systems were also designed to be controlled by both light and the state of the specific cell-signaling molecules (Wang et al., 2017) .
It was expected that these systems would be applied for fine gene expression control in vivo. However, for such in vivo use, higher standards are required in terms of sensitivity, dynamic range, maximum gene expression level, and background activity level. To reduce the effects of phototoxicity resulting from exposure to intense light, high sensitivity is essential for developing transcription control systems using lower power light. In general, the PA molecules adapted for use in light-controlled transcription factors do have very high sensitivity to light. Therefore, relatively low light power, typically 10-to 100-fold less than is used for the activation of ChR2, is sufficient for lightinduced gene expression. However, the dynamic range and maximum gene expression levels are not very high in most light-inducible gene expression systems, resulting in limited downstream gene expression, even on continuous or multiple illuminations. More important, most light-inducible gene expression systems are inherently leaky in the unilluminated condition. This could be caused by the leaky nature of the PA-transcription factors or their binding site containing promoters. Also, a toohigh sensitivity to light could cause undesired leaky gene expression at ambient light levels. Compared with in vitro experiments, fine control of the activity of light-inducible gene expression systems is more difficult in vivo. For instance, in experiments using single-cell-derived clones under the same conditions of lightcontrolled gene expression, very rigorous light-mediated control can be achieved in vitro, whereas in in vivo experiments, most cells in the tissues are heterogeneous in terms of the levels of expression of PA-transcription factors and/or copy number and status of the target elements. Therefore, light-inducible gene expression systems having high sensitivity, large dynamic range, and low background activity are needed for reliable lightinducible gene expression control in vivo.
In addition, for the in vivo use of light-inducible gene expression systems, gene silencing is also problematic, especially for long-term experiments. For example, the UAS sequence of the Gal4/UAS system is highly susceptible to transcriptional silencing by epigenetic changes. The light-activatable LexA and EL222 systems have not been proven to be effective in in vivo mammalian models (Pathak et al., 2014; Motta-Mena et al., 2014) .
PA-Cre systems are effective in vivo, such as in rodent brain and liver, but Cre-mediated conditional gene expression systems only provide permanent gene expression and do not allow control of reversal Kawano et al., 2016) . Furthermore, satisfactory suppression of leaky recombination in the dark but efficient activation on illumination is very difficult to achieve. In addition, the gene delivery method for light-inducible gene expression systems is another issue to be considered. For example, PA-dCas9 is a very powerful tool for the optical control of endogenous genes, but, in addition to the PA-dCas9, a constant supply of the guide RNAs is also needed (Nihongaki et al., 2015 (Nihongaki et al., , 2017 . Co-introduction of multiple genetic components is more difficult for in vivo experiments than for in vitro experiments. Some light-inducible gene expression systems are combined with drug use for achieving tighter control. However, increasing the number of components constituting the gene expression system prevents efficient in vivo delivery.
Recently, synthetic transcription factors activated by light under specific cellular state conditions, such as the intracellular Ca 2+ level, have been developed (Nguyen et al., 2018; Wang et al., 2017) . Enhancing these light-activatable tools for various cell-signaling molecules and validation in vivo is highly anticipated.
We used Cry2-CIB1 light-dependent dimerizers to develop a robust PA Tet-controlled gene expression system for mammalian cells. This PA-Tet-OFF/ON system had low background, high-fold activation by light, and it can be used in various mammalian cells. Compared with other light-controlled gene expression systems, one unique feature of the PA-Tet-OFF/ON system is the ability to control it via drug application. By systematically changing the applied light intensity and Dox concentration, finer, tunable gene expression can be achieved in this system. In addition, by restricting Dox application in the PA-Tet-ON system, light-controlled gene expression can be conditionally induced during a narrow time window during the course of long-term experiments both in vitro and in vivo. This dual-control feature of the PA-Tet-OFF/ON system is beneficial for systems biology experiments, in which the timing, amount, and pattern of gene expression must be tightly controlled.
In conclusion, we developed a PA-Tet-OFF/ON system for precise temporal and spatial control of cellular gene expression. The conventional Tet-OFF/ON system is widely used in various research models, such as transgenic animals or expression vectors with TRE (or TetO) regulatory sequences Liu et al., 2012b; Madisen et al., 2015) ; therefore, our PAcontrolled TetR regulators will allow the optogenetic manipulation of genes of interest in broad fields of biology.
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There has been no significant financial support for this work that could have influenced its outcome. A national (Japanese) patent application, ''Light-Controllable Tet-Gene Expression System'' (2018-163617) , has been filed by the JST. Mouse brain study For the validation of the PA-Tet system in the neural stem or progenitor cells of the developing mouse brain, the elongation factor promoter (pEF)-mCherryNLS (NLS: nuclear localization signal), pEF-PA-Tet-OFF and CSII-TRE3G-NLS-Ub-luc2-Hes1 3 0 untranslated region (UTR) plasmids were mixed at a 2:9:9 ratio, and co-transfected into E14.5 dorsal telencephalon progenitors by ex utero electroporation . Plasmid DNA (2.5 mg/ml) was microinjected into a telencephalic ventricle, and ex utero electroporation (6 pulses, 50 mV, square wave generator (CUY21, BEX), 5-mm paddle electrodes) was performed for transfection of plasmids into neural stem or progenitor cells at the ventricular surface of the neocortex. Brains were immediately dissected, embedded in 3% low-melting point agarose, cut into 250-mm organotypic slices with a vibratome (VT1000; Leica), transferred to 12-mm well culture insert (Millicell, PICM01250, Merck), and cultured in slice culture medium, as described previously . Slices were incubated at 37 C, 5% CO 2 under periodic blue-light irradiation.
For the validation of the PA-Tet system in neurons of the adult brain, mice were subjected to stereotactic virus injections using pulled glass micropipettes, as described previously (Kawashima et al., 2013; Sano and Yokoi, 2007) . The mice (10-14 weeks old) were anesthetized with 440 mg/kg chloral hydrate (Tokyo Chemical Industry) by intraperitoneal injection. Petrolatum was applied to both eyes to prevent dryness, and the skin on the head was treated with hair-removal cream. The mice were then fixed to a small-animal stereotactic device (David Kopf Instruments). The head skin was cut at the midline, and the periosteum was removed using a surgical knife. The skull was thinned with a drill, and a small craniotomy was made using a 27-gauge needle. The virus was injected through a pulled glass micropipette connected to a Hamilton syringe (Hamilton Company), which was pumped using a syringe pump device (World Precision Instruments). The stereotactic injections were administered to the following tissue at the appropriate coordinates: the dentate gyrus of the hippocampus (A/P À1.94 mm, M/L ± 1.3 mm from the bregma, D/V À1.82 mm from the pial surface). The two AAV vectors were co-transduced at a 1:1 ratio: AAV2/DJ8-CAG-FLAG-TetR (I194T, 1-206)-CIBN (without NLS)-T2A-mCherryNLS and AAV2/DJ8-CAG-NLS-attached Cry2 PHR (L348F)-p65 AD (p65 AD; residues 286-550 of human p65 transcriptional activation domain) N-terminal fusion. The viral solution was injected at a rate of 0.1 ml/min in a volume of 0.5-1.5 ml, and after the injection, the pipette was held in place for an additional 10 min before removal. After the removal of the micropipette, the skin incision was sutured and treated with antibiotic cream, and an analgesic was injected subcutaneously to relieve post-surgical pain. The post-injection animals were bred normally for 2 weeks before blue light exposure.
For the AAV transduction to mouse pup brains, anesthetized ICR mice at postnatal day 0 or 1 were placed on the custom-made stage. The three AAV vectors were injected into the lateral ventricle of the right hemisphere (Kim et al., 2013 ) at a 1:1:1 ratio: AAV2/DJ8-CAG-FLAG-TetR (I194T, 1-206)-CIBN (without NLS)-T2A-mCherryNLS, AAV2/DJ8-CAG-NLS-attached Cry2 PHR (L348F)-p65 AD N-terminal fusion, and AAV2/DJ8-TRE3G-luc2-Hes1 3 0 UTR.
Light stimulation was started 15 days after AAV transduction. For the hippocampus-light illumination of the adult mice, awake and freely moving mice were stimulated using a blue LED (PlexBright, Plexon) connected to the optical implant via fiber patch cables and a rotary joint at an intensity of 85.6 W/m 2 , duty cycle of 1.6% (1 s pulses at 0.016 Hz) for 12 h. After the blue light exposure, mice were immediately sacrificed and perfused. The dissected brains were subjected to immunohistochemistry. For the pup brain illumination, anesthetized mice were stimulated using a blue LED (PlexBright, Plexon) through an optical fiber. The blue light (40 W/m 2 ; 1 s pulse every 15 s; 3 h duration)-irradiated right brains were immediately extracted, lysed, and their luciferase activity determined. For Dox pulse treatment, 0.1 mg/g body weight of Dox was given by a single intraperitoneal injection (Zhu et al., 2007; Heindorf and Hasan, 2015) .
Analysis in the subcutaneous tissue 2$5 3 10 6 cells of the stable cell clone of PA-Tet-OFF-transduced Eph4 cells were engrafted into the subcutaneous tissue of the adult mouse back. For bioluminescence detection, the animals were imaged by a CCD camera (iXon3, Andor Instruments, Belfast) 24 h after the injection of Eph4 cells. Prior to imaging, 200 mg/g body weight of luciferin (Nacalai Tesque) was intraperitoneally, subcutaneously and intramuscularly injected. The engrafted regions were illuminated with blue light (200 W/m 2 ; 1-min). Dox (0.1 mg/g body weight) was injected intraperitoneally 1 h before illumination. To correct the luciferase signal changes caused by the fluctuation of the luciferin substrate in the mouse body, we engrafted Eph4 cells transfected with pEF-luc2 expression vector to control mice, which were imaged together with the mice engrafted with the PA-Tet-OFF-transduced Eph4 cells. Luminescence data of the control mice were used for the correction of the light-induced transcription in the transplanted PA-Tet-OFF-transduced Eph4 cells. The mean values of the luminescence signals between 30 min and 60 min after blue light illumination were plotted in the bar graphs.
METHOD DETAILS
Constructs
For functional screening of PA-Tet-OFF candidate constructs, sequences encoding the DNA binding, dimerization, and Tet binding domains of TetR (residues 1-206), and the transcriptional activation domain of p65 were amplified using pLVPT-tTR-KRAB (Addgene plasmid #11642) (Szulc et al., 2006) and pEF-hGAVPO Wang et al., 2012) , respectively. The optimized mammalian codon sequences encoding the derivatives of Cry2 (Cry2 PHR, Cry2 PHR [L348F], Cry2 535, and Cry2 535 [L348F]), and CIB1 and To examine the ability of the PA-Tet system to spatially control gene expression in the targeted cells, lentivirus-transduced Eph4 cells were plated on 35-mm glass-base dishes (Cat. #3910-035; IWAKI) at 50%-60% confluence and incubated at 37 C and 5% CO 2 in the chamber stage of the microscope before illumination. Patterned light was generated by the MOSAIC 3 device (Andor) and applied to the cells. Light (10-ms pulse) was applied to cells 50 times, and temporal changes in luminescence signals were acquired. When the blue light source power was set to 100%, and 200 pixel 3 200 pixel regions were targeted through the 40 3 objective lens (Olympus UApo 40 3 Oil Iris3/340; NA was modified to 0.55), the measured light energy was 1.3 W/m 2 .
QUANTIFICATION AND STATISTICAL ANALYSIS
Image analysis and quantification
Image analysis was performed using ImageJ software and custom plug-ins Isomura et al., 2017) . The customwritten code for the ImageJ plug-ins used in this study is available upon request. To analyze bioluminescence imaging sequence files, a ''spike-noise filter'' was applied to a stack file to remove noise signals caused by cosmic rays. CCD readout noise was also removed by a ''temporal background reduction filter'' In this normalization procedure, the background value measured outside of the imaging regions for each time frame was subtracted from the signal intensity. ''Circadian gene expression'' (CGE) (http://bigwww.epfl.ch/ sage/soft/circadian/) tracked individual cells and quantified bioluminescence signals. Nuclear localized mCherry was co-expressed and used to detect and track moving cells. The average signal intensity inside the nucleus was measured, illustrated, and analyzed by Prism â 5.0 software (GraphPad Software).
Estimation of the activation and deactivation kinetics of light-induced gene expression
The half-lives of the switch-on/off kinetics of light-induced gene expression in the PA-Tet-OFF and PA-Tet-ON systems were determined using the following 3 steps. First, each waveform was detrended to remove the linear trends of activities independent of photostimulation. In the detrend processing, a linear regression was performed on data points fewer than median absolute deviation of the waveform, then values predicted by the regression were subtracted from all points of the waveform. Second, event epochs induced by photostimulation were estimated by comparing each value in the waveform with a probabilistic threshold. In the probabilistic threshold, random numbers with the same length of the waveform vector were generated from a Gaussian distribution. The probabilistic threshold was generated by the same method in all analyses. Each value in the waveform was compared with that in the threshold at the corresponding time point. This process was iterated 100 times, and time points when the probability exceeding the threshold was more than 50% were treated as events (i.e., light-induced gene expression). Finally, the values of t on and t off were estimated as the duration from the beginning of the event epoch to the peak, and the peak to the end of the event epoch. The half-lives of the switch-on/off kinetics of the light-induced gene expression were calculated with the t on and t off values.
Statistical analysis
Statistical analyses were performed with Prismâ 5.0 software (GraphPad). P values less than 0.05 were considered significant. Statistical methods used in the analysis are described in the figure legends.
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